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CHAPTER I

INTRODUCTION

The design process for many piloted flight vehicles includes

meeting specifications on their handling characteristics. These

characteristics, or handling qualities, are primarily a function of the

vehicle size and mission. The specifications are usually given in the form of

bounds on parameters of the vehicles' dynamics that can be directly related to

pilots' degree of acceptance. Specifications of handling qualities have been

written for a wide variety of flight vehicles, including transport, vertical

take-off and landing (VTOL) and high performance fighter aircraft, and lifting

re-entry vehicles (LRV's). To date all specifications are based on analysis

of the dynamic equations of motion at constant flight conditions, and

parameters used to define the acceptable handling qualities (natural

frequency, damping, bandwidth, etc.) are derived through classical methods of

linear constant coefficient differential equation theory. Many aircraft

ooerate primarily at equilibrium conditions, and the current specifications

are well suited to such aircraft. But this treatment can, in certain cases,

misrepresent design goals or lead to inaccurate interpretations of dynamic

behavior. While all flight vehicles encounter a range of flight conditions,

certain vehicles have dynamics which vary in a prescribed manner in portions

of their flight envelopes. Understanding the variable dynamic behavior as
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completely as possible aids the design of vehicle and control system

configurations. An approach should be developed to encompass flight vehicle

dynamics that vary during the performance of piloted tasks, as well as

dynamics that are invariant, in the specification of handling qualities. This

* thesis will examine the specification of handling qualities for flight

vehicles whose dynamics are described explicitly by variable coefficient

differential equations in parts or all of their flight regimes.

1.1 Classes of Dynamic Systems

The linear, constant coefficient class of problems is imbedded

within a framework of analytical treatment that includes many other dynamic

characteristics, as shown in Figure 1. The classification used may be due to

Distributed Parameter Lum ed Parameter

Deterministic Stochastic

Discrete Continuous

LinearNon-linear

Autonomous Non-autonomous
(Constant Coeff) (Variable Coeff)

Classes of Dynamic Systems

~~9



the inherent nature of the system, or it could result from assumptions made as

to its use or bounds on its operation. While such assumptions limit the

validity of subsequent designs, they may allow the application of a large body

of theory already developed for certain classes of dynamics.

Lumped parameter treatment of flight vehicles is appropriate for

rigid body analysis, as will be the case here. Mathematical description of

lumped parameter dynamics is in the form of a set of ordinary differential

equations. These equations of motion contain a complete description of a

flight vehicle's movement in six (rigid body) degrees of freedom. In general

these force and moment equations are non-linear, time-varying and coupled.

Linearity is rarely an inherent property of the system, where

superposition of inputs and outputs is valid. Many dynamics problems that

exhibit "weakly" non-linear behavior are still treated as essentially linear

in nature and compensation can counteract the non-linearity. Linearity can be

imposed for analysis through simplifying approximations and perturbation

techniques. Otherwise, the equations of motion are integrated by numerical

techniques for specified initial or boundary conditions. For purposes of this

work linear (or linearized) equations of motion will be used.

The dynamics may also be non-autonomous (e.g. time varying) so

that an input shifted in time results in a different system response.

Variable dynamics are characterized by equations of motion having coefficients

which vary as functions of the independent variable(s) of the system. In

flight dynamics the variation is typically a function of time, velocity, or

atmospheric density. The nominal flight conditions, maneuver, or trajectory

must be known explicitly in order to solve the equations. They can be treated

either by numerical integration or, to gain some analytical tractability, by

10



"freezing" the coefficients at desired intervals and performing classical

linear constant coefficient analysis at each point. This latter approach

presumes that the variable behavior is predictable using constant coefficient

analysis and it is applied with strong reliance on the designer's experience

and intuition. It is not always justified because the variations can lead to

counter-intuitive behavior. Ramnath [I] gives examples of such

counter-intuitive behavior and of the failure of constant coefficient analysis

to correctly predict stability (see Appendix A). Even when a frozen

approximation works for short intervals, there is no way to express the

magnitude of the error over each interval or to determine the best points for

freezing.

While solutions to variable differential equations are rarely

known exactly, methods of finding approximate solutions with known bounds on

the errors exist and can be widely applied. Pursuing analytical means of

solution to variable dynamic problems results in definitive approaches to

understanding and specifying their behavior.

1.2 Variable Flight Vehicle Dynamics

Familiar cases of flight vehicles exhibiting variable dynamic

behavior are vertical take-off and landing (VTOL) aircraft and lifting

re-entry vehicles (LRVs). During its transition from hovering to forward

cruising flight a VTOL craft displays unconventional behavior, quite distinct

from the standard short period and phugoid longitudinal modes. The equations

of motion during this maneuver can be described using stability and control

derivatives that vary as functions of forward velocity, which can be given as

11



an explicit function of time [9]. The stability and dynamic response of the

aircraft vary continuously through this transition.

A lifting re-entry vehicle encounters flight conditions ranging

from zero dynamic pressure and high velocity outside the atmosphere to high

dynamic pressure and subsonic speeds within the atmosphere. These extreme

variations in velocity, Mach number and dynamic pressure result in

continuously varying dynamic response to control commands. The equations of

motion can be linearized about a prescribed trajectory to give variable

perturbation equations of motion.

Conventional aircraft may also exhibit variable dynamic behavior

when performing maneuvers which result in wide variations in flight

conditions. Examples of such maneuvers are minimum-time climb to altitude and

air-to-ground weapon delivery.

1.3 Approach

This research attempts to provide a link between the rigorous

analytical treatment of non-autonomous flight vehicle dynamics and the

specification of dynamic responses by handling qualities criteria. The intent

is to relate workable methods of accurately computing measures of handling

quality from the time-varying dynamics, and to assess the usefulness of

existing criteria. The analytical techniques used to find approximate

solutions to time-varying equations are described in chapter 2. One of the

most general of these asymptotic techniques is Multiple Scales, by which the

variable dynamic response of a VTOL aircraft and shuttle type LRV have been

studied in [9] and [11J. These two types of vehicles are studied here to

demonstrate the application of asymptotic methods to compute different

12
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measures of handling quality. Criteria which are currently used for

specifying longitudinal handling qualities are described in chapter 3. These

criteria are either used directly (e.g. time response envelopes) or modified

to admit variable dynamic behavior (e.g. bandwidth histories) in chapter 4.

Additional restrictions on the dynamic variation are proposed as extensions to

the existing criteria.

13



CHAPTER 2

ASYMPTOTIC METHODS OF SOLUTION

Approximate solutions to equations of motion can be developed

through asymptotic expansions, which generate a sequence of functions of

decreasing magnitude (1]. The magnitude of the functions reaches a minimum at

which point the asymptotic expansion most accurately represents the solution.

Each term in the sequence is smaller than the preceding term by an order of

magnitude of the expansion parameter, C. This parameter, O< C<<1, arises from

the physical characteristics of the dynamic system and may represent various

properties depending on the application. It is an inherent parameter of the

system if it cannot be removed by a change of variables in the equations of

motion. The differential equations are first cast in a perturbation form,

where C appears explicitly, as X1 y,t,El - 0 (homogeneous case). X is a

linear differential operator and the solution is y(t,e). As C - 0 the

solution y(t,O), or yo(t), should be meaningful. Then an asymptotic solution

can be written as:

The condition of uniformity must be imposed, in which the error between the

function and its approximation is uniform in the entire domain of interest.

This may require, for example, that higher order perturbation solutions are no

more singular than lower order ones.

14



A very general method of constructing asymptotic expansions is

Multiple Scales [2]. This technique extends the independent variable of the

dynamic motion into a higher dimensioned space. In our case, multiple scaling

will separate the dynamic response of the flight vehicle into independent

scales which stem from intrinsic time constants of the dynamics.

* Applicability of Multiple Scales depends on slow variation of the coefficients

of the equations of motion compared to modes of the vehicle response. The

parameter C arises from the ratio of the magnitudes of these variations. The

scales then differ in magnitude by orders of C. The approximation can be

carried to any desired order of C and therefore bounds the magnitude of the

error. The multiple scales technique was generalized by Ramnath and Sandri to

include non-linear and complex scales. Further development and extensions of

the technique to deal with flight dynamics and control problems can be seen in

the works of Ramnath [2-6].

2.1 Time responses

A linear variable dynamic system with state x and input u is

represented by the equation

ai(t) d' x(t) bi(t) u(t) (2.2)

When the coefficients vary slowly (i.e. on a slow time scale et) the system

equation can be approximated by:

n
Ziai(et) -. x(t) cibi(et) - u(t) (2.3)1SO *,0 ddtAI

A solution to the homogeneous equation is sought first, then a particular

solution may be computed by variation of parameters, for example. Equations

of any order may be treated. Derivatives are computed in terms of the slow

15



and fast time scales. The lowest order expression (for this type of problem)

contains the characteristic equation for the clock function. An nth order

system has a characteristic equation of the nth power in k(t). Solutions are

then developed in terms of the roots of this equation. The slow scale

solution corrects the zeroth order fast scale solution to first order in

For a state vector x and associated state equation

i = A(t)x(t) + B(t)u(t) (2.4)

the approach is similar. A straightforward way of dealing with a vector

problem is to decouple the states into independent, scalar equations. An nth

order vector problem can be decoupled into scalar equations of nth order.

Decoupling is done by cross-differentiation of each state equation and

sequential substitution of variables from equations of (i-l)th order into

equations of ith order. Since the dynamics are time varying each state will

have a unique characteristic equation. Once decoupled, the time response of

each state can be examined in the manner described above for scalar problems.

Obviously this becomes unwieldy for high order problems, but the state

equations used in handling quality investigations are often not above fourth

order. If they are, an approach described in section 2.2 should be taken.

It is not necessary to have functional expressions for the

coefficients or the roots (clock functions) in order to construct the

asymptotic solution or test the slowness of variation. If tabulated data is

the only form available, asymptotic expressions can still be formed

symbolically, then tabulated data can be substituted into the symbolic

solution. An approximate integration of the clock functions for the fast

scale variable will be necessary. This is obviously a different approach than

constant coefficient analysis, where a series of solutions at each tabulated

time point (or some interval) are computed.

16



An interesting example first treated by Ramnath [3] using the

multiple scales technique is the well-known problem

ii- +W(t)y = 0 (2.5)

where w(t) is "slowly" varying. By extending the independent variable

t-e-It 0, T1I

by an appropriate definition of the new scales To and TI, Ramnath [21 derived

the well-known WKBJ approximation. This asymptotic solution exhibits a

separation of the fast and slow parts of the solution.

2.2 System Functions

A standard method of analyzing linear time-invariant system

response to inputs is by transfer functions. Treatment of open and closed

loop systems by well known rules makes design and analysis tractable for even

large scale problems. Frequency response methods are very powerful tools for

this class of problems and would hopefully have their counterpart in

time-varying problems. With a variable system the concept of frequency

response is altered. Transfer functions must be generalized to reflect the

non-autonomous nature of the dynamics.

The complete description of linear time-varying system behavior is

embodied in the impulse response or weighting function W(t,t- T), which

relates system output at time "t" to an impulse input at time "t- T". The

transform of the weighting function

00
H(jw,t) = fW(t,t-T) e-iWT dT (2.6)

is the system function of Zadeh 181, which is a function of frequency and

time. For our purposes, H(jw,t) is equivalent to H(s,t), where s is the

complex Laplace variable. H(s,t) describes the response of a variable system

17



to complex exponential input. A graphical interpretation of the system

function might show its magnitude and phase angle as surfaces with ordinates

of time and frequency. When a linear system is autonomous, the system

function specializes to a transfer function (scalar case), H(S). A useful

property of the transfer function description is that cascaded systems are

represented by the product of their transfer functions. This property does

not generally hold exactly for system functions. For example, a time varying

compensator cascaded with a variable system, shown by their system functions K

and F,

do not necessarily have an overall system function K(s,t)F(s,t). Likewise,

the rules for the description and analysis of linear, constant coefficient

systems do not necessarily apply directly when treating variable dynamics.

There do exist, however, a set of rules for applying the classical design

tools when the system functions vary slowly with time [6). For instance, from

[7].

If two variable linear sub-systems (each having

coefficients which are functions of slow time scale

variable Et) are cascaded, and if the subsystem

nearest the input has a system function

possessing an asymptotic expansion of the form

G(s,t) -G(s) + ekGk(s, t) + o(ek) as C- 0

for 0>O, then the system function of the cascaded

system will have an asymptotic expansion equal to

the product of the expansions of the system functions

of the subsystems, plus terms of order Ck.

18



A design procedure called Frequency Response by Asymptotic Methods (FRAM) has

been developed [6]. By this procedure, design and analysis of variable

dynamic systems and control compensation can be accomplished order by order

(of E) until desired tolerances are reached. Under the stated restrictions,

conventional frequency domain design tools can be used once the system

functions are computed.

2.2.1 Computing the System Function

The system function H(s,t) for a scalar problem satisfies the

differential equation [8]

!' i .' aH(st)
-T Lis,t) ' K(s,t) (2.7)

where L(s,t) - ai(t) si and K(s,t) = b (t) si.

For a vector problem, H(s,t) satisfies the matrix differential equation [3]

H(s,t) - [A(t) - sI] H(s,t) + B(t) (2.8)

where A(t) and B(t) are the state dynamics and control input matrices,

respectively.

The differential equations for H(s,t) can be solved asymptotically

when the coefficients vary slowly. Asymptotic solutions have been developed

by Ramnath [2] and by Callaham and Ramnath [6]. Consider an nth order

differential equation in the perturbation form of (2.3). Slow and fast scales

of motion are defined as

T= C t (2.9)

To = f k(T*)dT. fk(t)dt (2.10)

where k(t) is the clock. Following substitution of the multiple time scale

derivatives into the perturbation equation, the zeroth order asymptotic

equation for x is
ki a T kbi (2.11)

19
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Taking the Laplace transform of (2.11) with respect to T1 gives the

transformed equation

( kisiaj) X(s,t) i( lsibi) U(s,t) (2.12)

The system function to zeroth order is then

xVs,t) .... + + b.
G(s,t) = (2.13)

U(s,t) n + + a, +a.

where E = ks is the "Laplace-clock" variable [2]. Improvements to the

zeroth order approximation can be made order by order [6].

2.3 Application to Vehicle Dynamics

Analytical studies of the angle of attack (AOA) response of a LRV

along an entry trajectory have been accomplished using a unified linear

differential equation developed by Vinh and Laitone [10]. This equation has

the form

a + -,(X)ad+ U(,(A)a = f(l) (2.14)

where the independent variable is transformed from time to scaled lengths

traveled along the trajectory. Vinh and Laitone solved two special cases: a

steep, straight line entry and a shallow flight path angle entry, using

non-elementary functions. Ramnath and Sinha solved the general case using the

multiple scales asymptotic technique [11]. The general solution is in terms

of elementary (exponential, sine, cosine) functions and is valid for a large

class of entry trajectories and vehicles. The only restriction is slowness of

variation of the coefficients with respect to vehicle motion, as already

discussed. The solution by multiple scaling was compared to solutions by both

constant coefficient analysis and numerical integration of the equations of

20



motion. While the constant coefficient approach fails after the first quarter

* cycle of angle of attack oscillation (homogeneous case), the multiple scales

solution is extremely close to the numerically integrated result for both the

* homogeneous and forced (steered) responses. Using an approach of freezing the

coefficients along the trajectory and performing classical analysis at each

point would obviously require many points to approach the accuracy of multiple

scales. Even then there is no guarantee that it will correctly predict the

stability and response of angle of attack motion, let alone be useful for

handling qualities study. Having a generally valid approximate solution for

angle of attack motion of this non-autonomous system opens the door to

handling quality investigations, since angle of attack response is so closely

tied to maneuvering ability.

Multiple scaling has also been applied to a calculating time

responses of an unaugmented, tilt-wing VTOL aircraft in transition [91 and to

pitch control compensation design for the same vehicle [7J. During transition

the stability derivatives vary as functions of the thrust vector and elevator

deflection. Assuming the aircraft is continuously trimmed along its

transition trajectory, the stability derivatives can be expressed as slowly

varying functions of flight velocity [9]. Thus, perturbation equations of

motion, linearized about the trajectory, have variable coefficients. Given a

linear dependence of trimmed velocity on thrust deflection, V(t) can be

expressed as a function of time and substituted in the stability derivative

expressions. The resulting equations are linear, time-varying and coupled.

Hover and cruise can be considered initial and final (constant

flight) conditions for the transition. A typical VTOL aircraft in cruise has

the standard short period and phugoid modes, while in hover the modes, and

21



therefore the stability, are entirely different. The time-varying nature of

the stability is that the roots must transition from their initial positions

in hover to their final positions in forward flight. The roots effectively

move in the complex s-plane as a function of time (velocity), which is

fundamentally different from the movement of closed loop roots as a function

of system gain. The actual stability variation depends on the vehicle.

For the time response calculations, Ramnath decoupled the

longitudinal states by cross differentiation and computed multiple scales

approximations to zeroth and first order of C. To order (Ce) the solution is

a function of the fast scale variable only. The fast scale solution is

determined by the roots of the characteristic-clock equation, ki(t).

Correction to order (E) includes the slow time scale solution. Results agreed

closely with solution by numerical integration [9]. Figure 2 depicts the

time-varying root behavior. The two real roots in hover move during

transition to make up the short period roots in forward cruising flight. The

unstable complex roots in hover become the phugoid roots in cruise.

For the compensator design, Callaham and Ramnath [6] derived an

asymptotic approximation to the system function. Following the FRAM design

procedure, a zeroth order analysis and compensation were done first. The

time-varying compensator stabilized the pitch response throughout transition.

Higher order analysis was accomplished, but the zeroth order design met

specifications on pitch attitude response. This approach is an alternative to

the conventional method of scheduling control system gains, which now become

an explicit function of an independent (or dependent) variable of the motion.
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CHAPTER 3

HANDLING QUALITIES BACKGROUND

Handling qualities have been defined best as those

"characteristics of an aircraft that govern the ease and precision with which

a pilot is able to perform the tasks required in support of an aircraft role."

[12]. A framework for treating all types of piloted aircraft has evolved that

assigns a classification to the vehicle, and defines requirements for its

flight phases at each of three levels of handling quality. It is the level

rating that links the pilot assessment of vehicle handling characteristics to

quantitative bounds on measures of the vehicles dynamic response.

Lifting Re-entry Vehicles are not necessarily in one class,

although a space shuttle type vehicle would fall in Class III, large, heavy,

low-to-medium maneuverability airplanes. A VTOL aircraft would most likely be

either a Class II, medium weight, low-to-medium maneuverability (such as light

transport) airplane, or a Class IV, high maneuverability (such as

fighter/attack) airplane.

There are categories of Flight Phases into which all segments of

an aircraft's mission can logically fit and within which the boundaries of

handling parameters may be relaxed or restricted. Table I gives

representative flight phases for several flight vehicles.
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TABLE I

Non-terminal Flight Phases

Category A - Rapid maneuvering, precision tracking,

precise flight path control

Aircraft LRV VTOL

Air-to-air combat AOA transition

Weapon delivery

Formation

Category B - Gradual maneuvers, precise flight path control

Climb Descent

Cruise S-turns

Descent

Terminal Flight Phases

Category C - Gradual or Rapid Maneuvering, Precise Flight Path Control

Take-off Approach Vertical Take-off

Approach Landing flare, Transition - hover

Landing float, touchdown to cruise
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The different levels of flying qualities stem from the goal of

subjectively rating the adequacy of an aircraft's handling characteristics to

accomplish its mission. The levels are:

Level I - Clearly adequate for mission Flight Phase

Level 2 - Adequate to accomplish Flight Phase, but some increase

in pilot workload or degraded mission effectiveness

exists

Level 3 - Aircraft can be controlled safely, but pilot workload is

excessive or mission effectiveness is inadequate.

Category A must be terminated, Categories B and C can

be completed.

According to Cooper and Harper [121, "pilot evaluation still remains the only

method of assessing the interactions between pilot/vehicle performance and

total workload in determining suitability of an airplane for the mission."

What they built is a pilot opinion rating scale which facilitates sequential

decision making by the pilot in assigning a flying qualities rating for a

given task. While variability between pilots is inevitable, the Cooper-Harper

Pilot Opinion Rating Scale has emerged as the most logical basis for

consistent pilot assessments of flying qualities (see Figure 3-1).

Other than the "uncontrollable" rating (10), there is a range of

ratings within each of the three levels of handling. The boundaries between

the levels are delineated by the necessity of design improvements to

adequately accomplish the mission and/or the degree of pilot compensation

required to offset design deficiencies.
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3.1 Rationale for Criteria

It is the goal of handling quality specifications to correlate

flight vehicle open loop design parameters with flying quality levels for all

mission phases of a given aircraft. Criteria which specify vehicle handling

qualities should be oriented toward quantifying bounds on desired responses.

When possible these bounds can be expressed in terms of commonly used

parameters which influence or determine those responses. This allows analysts

and pilots to more easily correlate pilot evaluation and dynamic

characteristics. Specifying handling qualities is an iterative task. The

aircraft and control system designer relies upon existing criteria to create

acceptable designs, and handling quality analysts rely on new test data and

pilot evaluations to refine or replace current specifications.

Discussion so far has centered on longitudinal vehicle behavior,

although the lateral and directional dynamics are no less important. In order

to begin defining handling quality specifications for the vehicles under

study, longitudinal dynamics will be treated separately (decoupled) from

lateral and directional motion. Conditions under which coupling is a factor

exist in many flight maneuvers, however. Landing approach, for example,

creates coupling effects where lateral corrections at high angle of attack

affect longitudinal control.

3.2 State Space Formulation

A comprehensive fromework for treating the dynamics, and therefore

the handling qualities, of flight vehicles is in state space. A state vector

contains variables of motion which, together, completely describe the motion

being studied. They form a set of first order, ordinary, differential

28



equations. The variables used depends on the application and purpose of the

analyst. A representative state vector referenced to the body axis of the

vehicle is u(t) axial (x-axis) velocity

x(t) = w(t) normal (z-axis) velocity

q(t) pitch rate (about y-axis)

e(t) pitch angle (reference local horizon)

An alternate state representation referenced to the flight path is

V(t) total velocity along instantaneous flight path

E(t) = Y(t) flight path angle

q(t) pitch rate

0(t) angle of attack

Resulting equations have the non-linear form x(t) - f(x(t), (t),t) where (t)

is a control input vector. In linear form the equations are

x x = F(t)Ax + G(t)Au (3.1)

where F(t) and G(t) are Jacobian matrices of partial derivatives with respect

to states and controls. If the elements of the matrices are evaluated at trim

conditions, F and G are constant. F contains stability derivative, gravity

and kinematic terms; G contains control derivative terms. From the linearized

state equations, transfer functions formed by Laplace transformation relate

control inputs to system outputs. When multiple, independent inputs are

present, coupling numerators [13] account for their effects on output or state

The ability to form outputs that are meaningful to handling

qualities is a useful quality of the state space approach. Generally, outputs
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y(t) - h[x(t),t], but often outputs of interest are either states themselves,

or linear combinations of state variables. In that case, y(t) = H(t)x(t).

Commonly used outputs of this type are pitch rate (q) and normal load factor

(Nz).

3.3 Conventional Equations of Motion and Approximations

Classical aircraft longitudinal responses are described by a

fourth order characteristic equation. In many cases the responses can be

separated into short term and long term behavior according to the

characteristic root separation. Short term response, consisting primarily of

attitude and angle of attack change, relates to maneuvering characteristics of

the aircraft. Long term response has little angle of attack change but

relates primarily to flight path and speed stability. This distinction

between modes leads to useful approximations of second order.

Commonly used approximations to aircraft dynamics result from

reduced order models. Truncation refers to deleting elements of the state

vector, thereby reducing system order, and treating only the remaining

dynamics. In this way vehicle motion that manifests itself as different modes

is separated for analysis. In terms of the dynamics matrix, F, the elements

are partitioned into blocks corresponding to the different modes. Elements in

F which couple states from one mode into another mode are ignored.

Justification for truncated models usually asserts that modes of the response

occur on widely separated time scales, with little interaction betewen modes.

One way of verifying this is to determine the real axis separation between

characteristic roots which correspond to different modes. Interaction between

modes is apparent in the numerator terms of transfer functions, formed from
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Laplace transformation of the state equation, for an output (state) variable

associated with one of the modes. When numerator roots are close to

characteristic roots there are small residues associated with those dynamics,

meaning little effect on the output. In this way the roots associated with a

certain modes may be effectively cancelled.

The natural application for truncation to longitudinal vehicle

motion is in separating the phugoid and short period modes. The state vector

and dynamics matrix can be set up so that states variables are partitioned by

modes they principally describe. Using the state vector IL - [V Y q a] T

correct partitioning is simply i&-i a because short term (fast)

motion primarily involves pitch rate and angle of attack change, whereas the

N long term (slow) motion is primarily a combination of velocity and flight path

angle oscillations. The truncated F matrix looks like

f 33 f3

L f43 f44
where the upper right and lower left blocks, made up of terms which couple the

modes, are ignored.

An extension of the truncated model accounts for steady state

effect of the "fast" mode on the "slow" mode; the slow mode is still

considered to have neglibible effect on the fast mode. This "residual" of the

fast motion can be expressed in terms of blocks of the F matrix. Using the

example of longitudinal aircraft motion, the F matrix is-partitioned as above

but the elements left intact. The steady state fast mode state variables q

and a are solved for in terms of slow mode state variables V and Y by setting
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IT[q a ] g. Substituting these expressions for qss(V,Y) and css(V,Y) in

the differential equations for V and Y gives

r l[F - F2 F4 F3 ]IV ~ from F - [F1 F2 ] 32'YF 3 F4 ] (3.2)

The result in this case is a residualized phugoid model [14].

The conditions under which reduced order modeling is appropriate

must be carefully examined. Certain portions of the flight regime will allow

accurate modeling with truncated or residualized dynamics, while many flight

conditions must be treated using full state models despite the analytical

difficulty.

3.4 Criteria and Parameters in Use

Conventional handling qualities criteria are primarily based on

modal parameters that are derived from constant coefficient analysis of the

linear equations of motion under single input/single output conditions.

Transfer functions formed from the state equations provide the significant

parameters for this modal analysis. As a result, criteria are frequency

domain oriented and specify the natural order of the vehicle response,

commonly approximated with first or second order dynamics. When actuators,

stability or command augmentation, structural filters or other elements of a

control system increase the dynamic order of vehicle response, handling

qualities have still been treated within the framework of basic vehicle

responses. Therefore much work has been concentrated on developing low order

equivalent" systems to approximate dominant higher order behavior.
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Parameters associated with equivalent systems must account f or as many

charateristics of the higher order response as possible, such as delayed

initial response. Handling qualities analysts derive bounds on acceptable

values for the parameters and functions of the parameters. To insure that the

specificationsare met, the control system designer matches actual vehicle

responses from simulation or flight test with appropriate equivalent system

responses from the specification. The designer also provides some measure of

the closeness of match for various responses, often derived from frequency

responses [15].

Another form of criteria is the time history of response

envelope. This method specifies upper and lower bounds on the time responses

of normalized state or output variables. The envelope may or may not come

from an appropriate equivalent system but should nonetheless result in the

desired level of handling quality when evaluated by pilots.

The above forms of criteria are based on the assumption of

conventional aircraft responses to stick and rudder deflections.

Unconventional aircraft (such as VTOL) or aircraft with unconventional control

devices (such as direct-lift or other mode decoupling mechanisms) must be

treated separately for handling quality purposes. An alternative criterion

based on frequency response will be described later in this section.

3.4.1 Conventional Vehicle Responses

Most of the specifications to satisfy aircraft (longitudinal)

maneuvering requirements are based on short period dynamics, phugoid damping,

* static stability and flight path stability. "Equivalent" lower order

parameters for pitch responses are most simply of the form shown in the
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transfer function

8 _K (s + 1/T ) e

F s  s + 2 e Wes + W e

where [Re, We] are equivalent second order damping and natural frequency, TO

relates pitch attitude to flight path response and te is an equivalent time

delay. This form of transfer function could respresent short term (short

period) or long term (phugoid) response using different equivalent

parameters. If the pitch response is to be related to a second order system,

the short period mode natural frequency must be separated from the phugoid

natrual frequency by a factor of 10 or more, as well as from higher order

structural and flight control effects. When this is not the case other forms

of criteria are necessary [16].

Table 2, taken from [161, shows bounds on damping ratio and time

delay for pitch response.

TABLE 2

(2A) Short Period Damping Ratio Limits

Category A and C Category B

Level Flight Phases Flight Phases

Min Max Min Max

1 0.35 1.30 0.30 2.00

2 0.25 2.00 0.20 2.00

3 Double Time > 6 sec Double Time > 6 sec

(2B) Phugoid Damping Ratio Limits

Level 1 >p 0.04

Level 2 p 0

Level 3 Double Time > 55 sec

34



TABLE 2 (cont.)

(2C) Limits on Aircraft Response Delay

Level Alowable Delay (sec)

1 0.10

2 0.20

3 0.25

A principal criterion for pitch axis (maneuvering) response is

based on the desire to control bot'h pitch attitude and flight path angle (or

normal acceleration) with a single control surface deflection. Standard pitch

control is effected by elevator deflection which initially changes pitch

attitude and subsequently reorients the flight path. Presuming operation on

the front side of the power curve or L/D curve, backward stick will orient

attitude and flight path upward and forward stick will do the opposite. The

resulting motion is expressed straightforwardly as a "control anticipation

parameter" (CAP). When q -

CAP A (3.4)

where the denominator is the steady state load factor change with a step

elevator input. A n is nearly equivalent to expressing the flight path

change. Using a simple 2 degree of freedom transfer function for 0(s)/6, and

a(s)/ :() = ( s + L-/o)

6.(S) (6+' .- *M} +{'' -M) (3.5)

a(s) = _ __ __ _ _(3.6)6..(s) £ + (L'.co M.- M1.)s +( M.)(36
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V. For a step input 6 s( ) = I

+(~ + Me: [-- + C51",,6 + ws,3' (3.7)[t~ec~j s- ~ ~ £A~jg~ S--Poo

An JC >
=I

CAP = Mge _____' ,/ (3.8)

The resulting term, wnsp/(n/a), is an approximation to the CAP

which is conveniently calculated and plotted to show acceptable bounds. A

representative curve is shown in Figure 3-2 for Category C flight phases.

Another term of use is WnspTe, representing the phase difference

in pitch attitude and path angle [16). Relative magnitudes of Wnsp relate to

the responsiveness of the aircraft in pitch, and Te the abruptness of path

change according to -1= I + Together, WnspTe should be large enough
e Tos + Insp*

that flight path change follows pitch attitude with reasonable time for pilot

adjustment and trim. When plotted against short period damping ratio,

boundaries as shown in Figure 3-3 result.

Flight test data to justify these criteria are presented in [16].

Data were selected based on documentation of vehicle dynamics, control system

(actuators, feel, etc.), flight conditions and maneuvers and, especially,

pilot comments and opinion rating scale used. An example of data points which

validate boundaries in Figure 3-3 with some modification, is shown in

Figure 3-4. The discussion in [16] highlights the suitability of low order

equivalent system parameters to matching the pitch response of augmented as
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well as unaugmented aircraft. An example given of an augmented airplane whose

0/6e response included two well damped second order modes, but was sluggish,

yielded equivalent system parameters that explained the Level 3 behavior.

3.4.2 Unconventional Vehicle Responses

Not all responses can be adequately matched without changing the

bounds of the criteria, using negative equivalent time delays, or other

undesirable means. "When mismatch between lower-order equivalent and higher

order systems is large, or when pitch axis augmentation results in

unconventional responses" [16], as with direct lift control, a possible

alternative is in the form of a frequency response bandwidth criterion. This

is essentially a "closed loop describing function of pilot/vehicle (pitch)

response." In this case, bandwidth is the lower of the frequencies at which

phase margin is 450 or gain margin is 6 dB. Both the value of bandwidth and

the shape of the phase versus frequency curve above Wbw determines the

stability and quality of the pilot-in-the-loop control. When rapid roll-off

in phase occurs past the bandwidth frequency, it can be attributed to time

delay in response, which degrades behavior as usual. The delay is estimated

linearly by taking the change in phase in the unstable region divided by the

frequency past -180O (Te. - WI The bandwidth criterion is suited

to specifying VTOL vehicle handling qualities during transition because pitch

response to elevator command is non-standard until flight velocities

approaching cruise. Figure 3-5 shows the definition of bandwidth and flight

test results supporting its use.
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CHAPTER 4

SPECIFICATION OF HANDLING QUALITIES FOR VARIABLE FLIGHT DYNAMICS

Having introduced the non-autonomous class of problems in flight

vehicle dynamics and a method of obtaining approximate analytical solutions to

dynamic response and control compensation design, the treatment of these

dynamics relevant to handling qualities specification can be outlined.

The vehicles under study will continue to be the LRV and VTOL aircraft,

* - although conventional aircraft performing certain prescribed maneuvers that

result in wide variations in flight conditions or stability are potential

candidates for separate specification. The piloted tasks in both types of

vehicle will be described to clarify the dynamics involved. Then the

equations of motion for the vehicles are formed and the time responses or

system functions are solved asymptotically for states or outputs relevant to

handling qualities. The rationale behind the chosen criteria are described,

and extensions to the criteria are suggested.

4.1 Analysis Technique

The first step in examining handling qualities of a flight vehicle

is solving the equations of motion. The approximate solutions obtained

through multiple scaling consist of elementary transcendental functions which

offer ready comparison with conventionally derived solutions. Equations and
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solutions may be of any order, although the interest presently is in basic,

* unaugmented vehicle responses. Augmentation which does not increase the

natural order of response, as in state feedback, is also examined. When

appropriate, second order approximations will be used. "Equivalent"

* representations are therefore not specifically needed. Homogeneous time

responses are derived first; forced (single input) responses are a normal

extension by methods such as variation of parameters.

A limitation of straightforward multiple time scaling arises in

the asymptotic solution of the equations of motion when characteristic roots

coalesce. This happens during VTOL transition, for example. Figure 2 showed

that two roots meet on the real axis before branching to become an oscillatory

pair. A multiple root condition may also occur during LRV re-entry while at

high altitude. For these conditions, called turning points, the asymptotic

approximation with simple functions fails and requires the use of more complex

functions to describe the behavior [9). However, traversing quickly through

the multiple root condition results primarily in phase angle error; for most

purposes of handling quality analysis the accuracy of elementary functions is

probably sufficient.

4.2 LRV Handling Qualities

4.2.1 LRV Pilot Tasks

Entry from orbital flight begins at about 400,000 feet altitude

and 25,000 feet per second velocity, when air density gives rise to

significant aerodynamic effects. A pre-selected angle of attack is

established and held while heat and aerodynamic forces build. The angle of
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attack (AOA) is high, around 40 or 50 degrees, and a transition maneuver to a

cruising glide at lower AOA is required. One method of achieving the AOA

transition is to program elevator (or other longitudinal control surface)

deflection by optimal control to (1) minimize a load factor penalty and time

spent in undesirable AOA regions, and (2) achieve terminal conditions of

altitude, trim flight path angle, and forward velocity [171. This "Jump"

maneuver follows a specified AOA trajectory (depicted in Figure 4-1, for

example) and duration of the maneuver directly affects the amount of

stabilization required to control disturbances and initial condition errors.

40
Angle
of

Attack 30

(deg)

2.0-

10

4@0 80 oa,0 '6O0

Time from Entry (sec)

Figure 4-1

Re-entry Angle of Attack Trajectory

Open loop control improves as jump duration decreases, limited by actuator

rates and control effectiveness [17]. A NASA simulation study of an orbiter

AOA transition maneuver concludes that a pilot can perform the maneuver [181.
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Other AOA trajectories result when following entry profiles designed to

minimize different costs or achieve certain test objectives. The STS shuttle

follows an AOA trajectory which begins at 40 degrees and transitions over a

period of 6 minutes to 10 degrees. In any case, angle of attack is a state

which is closely controlled throughout re-entry. Angle of attack response to

pilot input will certainly influence the analysis of LRV handling qualities.

Once a cruising glide is established, the remaining control tasks

are deceleration maneuvers (e.g. S-turns) and terminal area maneuvers

including approach and landing. Approach maneuvers may be as simple as a

flare and coast on the backside of L/D maximum until landing speed is reached;

or they may involve lateral-directional motion such as circling or more

conventional downwind, base and final legs.

A major difference from conventional aircraft flight is that the

LRV is unpowered and therefore cannot establish an equilibrium flight

condition. It can trim aerodynamic moments to zero but cannot maintain

constant altitude at constant airspeed. Nevertheless, handling qualities

specifications have been formulated as though the equations of motion could be

expressed in constant coefficient terms [18]. These handling quality

specifications may or may not suffice for the terminal flight phases. But

considering the much larger flight regime of a LRV, it is worthwhile to pursue

an analytical treatment of the variable dynamics, and to specify handling

qualities in terms of variable system responses.

4.2.2 Analysis of Handling Quality

A number of numerical and analytical studies of lifting re-entry

dynamics lend preliminary insight into the character of the vehicle

responses. Reference [18] states that when dynamic pressure changes become
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significant during the period of vehicle motion, "both the character of the

vehicle responses and the degree of damping that exists in the various vehicle

response variables are affected. The effects appear to be largest for lightly

damped responses." A measure given for determining significant dynamic

pressure changes is: - y + - (4.1)

where 8 = 4.75xl0-3/f+ and P is the time of one cycle of an oscillation.

Laitone and Chou [191 provide a survey on studies of phugoid oscillations at

hypersonic speeds. In this region aerodynamic coefficients can be linearized

independent of mach number, and centrifugal effects increase to the order of

gravitational attraction. Important effects arise from altitude changes with

phugoid motion: air density variation with altitude decreases phugoid period

while gravity gradient has the opposite, but weaker, effect. As orbital

speeds are reached, phugoid period approaches orbital period. Etkin [1 9]

showed numerically that the period of angle of attack ("short period")

oscillations can be greater than the phugoid period at high flight altitude

where aerodynamic moments are small. A number of people have studied angle of

attack variations during re-entry, usually for trajectories where simplifying

assumptions give the equation a specialized form. This approach shows the

character of the vehicle response in some practical cases but falls short of

being useful to handling qualities work.

Extensive flight tests of lifting bodies in the 1960's examined

terminal flight phases of Class IV re-entry type vehicles. A number of

results (including trim changes, control surface effectiveness, high effective

dihedral, low directional stability and lift loss with pitch control) gave

insights relevant to handling qualities for this type of vehicle.

Configuration changes on the vehicles remedied certain problems with stability
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and trim control authority. All of the lifting bodies (M2-F2, HL-10, and

X-24A) were equipped with stability augmentation. Pilots felt that inherent

stability should be designed into the LRV with minimum reliance on command and

stability augmentation [20]. Important longitudinal criteria adopted for the

terminal flight phase were bounds on n/a and CAP, given in constant

coefficient terms. Figure 4-2, taken from [181, shows flight test results for

these criteria over a range of approach and landing conditions.
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Actual re-entry flights with the X-15 clarified entry control

problems. Entries began from a design altitude of 250,000 feet at 12-200

AOA. The X-15 used an adaptive control system of blended reactive and

aerodynamic controls. The controls held angle of attack constant until normal

acceleration built to about 4 g's. X-15 entries were from sub-orbital flight

and so had a smaller speed and altitude range than orbital re-entry, but the

shorter entry duration caused more rapid build-up of pitch rate and load

factor. These latter effects created a more severe control problem and higher

pilot workload [211. A comparison of X-15 design entry parameters with those

of an orbital LRV is shown in Figure 4-3.

4c0 x le

520

Altitude 40

(feet)

I O

'4,..

Velocity 
RV

(fps) 8 X-15

Dynamic X1
Pressure X-5 LRV

(psf) 0 400 800 1M law

Time from Entry (sec)

Figure 4-3

X-15 and LRV Entry Parameters
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Approach and ladn o h -5bgan from a descending glide

with a flare at about 1000 feet altitude and 100-180 feet/second vertical

velocity. The vehicle was kept on the front (high energy) side of LiDmax to

increase post-flare time to touchdown. A wide range of landing conditions

resulted, depending on vehicle altitude, velocity and flight path angle at

flare initiation. While no pilot ratings were recorded, the handling

qualities were generally considered good.

Most recently, space shuttle entries from orbital flight have

provided measurements of dynamic response of a Class III vehicle over the full

flight regime, but few ratings of handling quality. The shuttle dynamics are

highly augmented to steer the programmed trajectory, and response to pilot

inputs is unconventional. Most manual piloting is during the terminal flight

phase, when control by the guidance system ends. Choosing criteria for

shuttle handling quality requirements presented a problem since no data base

existed. Aerodynamic derivatives determined from wind tunnel experiments,

later adjusted by flight data, provided parameters for piloted simulations.

These simulations produced measures of expected handling qualities,

principally for approach and landing. A pitch rate envelope was chosen as the

primary longitudinal criterion, shown in Figure 4-4.

Rynaski (221 supports the use of an angle of attack time history

envelope as a longitudinal handling quality criterion, rather than a pitch

rate envelope. By his reasoning, angle of attack response directly translates

to short term maneuvering ability and flight path control (i = zat), so

criteria based on angle of attack response should give the truest measure of

handling quality. He presents data to support his view in [22]. At the

initiation of entry, when aerodynamic forces are small and control surfaces
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*ineffective, control is effected primarily by reaction jets. It may be more

appropriate at this stage to consider pitch rate and normal acceleration at

the pilot station for acceptable handling characteristics. Once aerodynamic

controls become primary, however, the angle of attack response should be

considered.

1.50

-- - - - Unsatisfactory
1.25 - region

1.00

W 0.75

I Unsatisfactory
0.50 . region

o I
I

0.25 .
I

0 1.0 2.0 3.0 4.0 5.0

Time (sec)

Figure 4-4

Shuttle Pitch Rate Response Envelope

Considering previous flight test results and the development of

re-usable manned space flight vehicles, it is useful to examine LRV dynamicsN

in portions of the flight regime subject to pilot control. The vehicle

studied here is similar in size and weight to the HL-10 Class IV lifting

body. The assumption is that the LRV responds conventionally to control

inputs once aerodynamic controls become primary. Our handling quality
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analysis starts at a time when lower limits on n/a and acceptable CAP values

are reached. When CAP is above the upper limit, n/a may be too low or wnsp

too high. If n/a is too low the vehicle cannot generate sufficient lift to

re-orient the flight path in response to pilot commands. Therefore, Y/O has a

very long time constant. If Wnsp is too large, given an acceptable n/a , the

vehicle may be over-sensitive in its pitch attitude response which will

primarily affect pilot workload in his trajectory-following task.

The nature of re-entry allows a fairly predictable qualitative

analysis of vehicle dynamics. The variations in flight conditions, although

not always linear or even monotonic, indicate that responses will "stiffen"

* and aerodynamic damping increase as aerodynamic lift and moment generating

capabilities increase with penetration into the atmosphere. Basic vehicle

* ' instabilities in certain flight regimes (transonic flight or certain AQA

regions, for example) should be known beforehand for the trajectory planning

* stage and flight control design. Augmentation which enhances stability or

achieves certain input-output characteristics can be designed over an entire

* segment, or phase, of the trajectory with analytical expressions for the

vehicle dynamic responses in hand. At the very least, asymptotic analysis of

the time-varying dynamics will clarify control requirements and identify

unusual phenomena early in the design stage.

A plot of CAP at two minute intervals throughout the entry

Si trajectory (using constant coefficient analysis) shows the effective change in

acceptability of the handling qualities by aerodynamic control (Figure 4-5).

At an altitude of 250,000 feet the flight conditions are

P - .0000064 sl/ft3  Y=- -1.5 deg

V - 24,250 ft/sec at= 40 deg
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At these flight conditions

n/cl - 1.04

CAP - 0.95

which is Level 2 for this Category A Flight Phase. The variation of the CAP

shows adequate pitch response from 250,000 feet on down, at least for the

points chosen. Pitch response (augmented or unaugmented) was assumed to

stable for the entire re-entry. Orbital re-entry will not have the rapid

variations in flight conditions which sub-orbital entry has (as the comparison

in Figure 4-3 showed), yet it is useful to consider the manner in which the

CAP varies and its effect on pilot workload. Even if handling quality

parameters remain within Level I boundaries, fast variation of the dynamics

could mislead the pilot and contribute to pilot induced oscillations, or at

least an increase in pilot workload. Changes in direction of the variation

a may also affect the difficulty of the piloting tasks. The reversal of n/at

near Terminal Area Interface, seen in Figure 4-5, takes the CAP closer to the

Level 2 boundary. Degrading changes imply an increase in workload to adapt to

the dynamics and anticipate the required control inputs. A possible limit on

the extent of variation of a handling quality parameter (like the CAP) for a

particular flight phase might have the form

where wn2 is replaced by wo(t). This would restrict the amount of dynamic

variation within a segment of the flight regime.
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The angle of attack equation for a general lifting re-entry

trajectory permits further evaluation of handling quality. Equations of

motion for lifting re-entry without thrust, using a state vector of

x f [V -Y q a] , are:

-5V& CD
V =  Z Vn - (4.2)

S* p6CL.! -I CG
r V ) (4.3)

pS1'~~~C..~~ - -1t-t \ . 44• )
T., A .1- "] (4 .4 )

V (4.5)

where,

Y + a (4.6)

= ( ,(4.7)

r = lsmnT (4.8)

This model assumes no lateral or directional motion and accounts

for the centrifugal effects of motion around the earth. Aerodynamic terms are

linearized about the trajectory and have the forms

C. - CL. 0 (4.9)

CO1 C + cie (4.10)

Ca" cM4L + (cm+ cmfd)V + cm, (4.11)

where CL., , Cv,, C, , C, C need not be constant.

The linear, time-varying equation for AOA is:

W 0 15
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e~c 15" C

" .4 S 3 , ( 4 . 1 2 )

Taking the homogeneous part of the equation,

+ wl(t)& + Wo(t)a 0 0 (4.13)

Through multiple scaling, an asymptotic solution is formed as a

function of Wl(t) and Wo(t). Then the solution is general and specific

characteristics of a trajectory can be substituted directly into the

solution. Ramnath [11 develops asymptotic solutions toct(t) in the form

a(To., T) = A(T,)B(T*) C (J-XF(±~ (4.14)

A few observations about the expression for t(t,c) are helpful at

this point. First examine the fast part of the solution, B(T1 ). This contains

all the information (asymptotically) of the frequency variations and some of

the amplitude variation. If we chose to look at a particular point in time an

integrate the expression, corresponding to a constant coefficient analysis,

w1(t1) represents 
2CWn and wo(tI) represents Wn 2. So becomes oad,

the damped natural frequency, and

exp[( )d] - exp[(-L _± J'd)t)

- exp(-.t)exp(+_j(nJI-12 t)

This expression demonstrates the generalized nature of the multiple scales

technique and indicates that these asymptotic solutions subsume the

expressions derived from constant coefficient analysis.

Next, the slow part of the solution, A(To), modifies the fast

variation primarily in amplitude. In constant coefficient terms only e'lt
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governs the decay (or rise) in amplitude, so A(To) is a "new" variable term

.. due to separating the fast and slow system dynamics. From (4.14)

but Ramnath shows in [11] that A(To) is closely approximated by

C(& 2 - 4a)o)-1/4

where C is a constant. The effect of this term is to scale the amplitude of

response on the slowly varying scale. In a sense the parameters of the fast

solution relate straightforwardly to the modal parameters of constant

coefficient analysis. Yet the prescribed variation of the coefficients means

that dynamic response and pilot compensation are continuously changing. The

slow variation contributes to this change and may well be a significant

contribution.

Substituting values for the nominal trajectory into A(t) and

o(t) and computing response to a command or disturbance input using (4.14)

shows the angle of attack time response. An input at any point along the

trajectory will result in a (asymptotically) true angle of attack response for

as long as the state is observed. Since the coefficients of the equation vary

"slowly" and monotonically (or at least do not oscillate), a "final" or

threshold value of AOA will be reached. Practically, a family of curves at

successive initial times should be calculated to represent responses along the

trajectory. Figures 4-6 and 4-7 are two such curves beginning at 250,000 feet

and 75,000 feet respectively. Time is referenced to t-0 at entry interface

(400,000 ft). At 250,000 feet,

a(240) - 400, a(240) - 0

A step response is appropriate for this case since angle of attack is being

56

0 * W P 5



held at 400 until t - 840 seconds. A lower bound on the AOA response for the

given value of n/a is also plotted.

At 75,000 feet,

a(1140) = 130, ,(1140) - -0.1 O/sec

This response begins while AOA is ramping down; Figure 4-7 shows the response

to a disturbance which moves AOA above its reference value.

57



TMTU -l

U,

E-

00

(1)

44

--4

00

Q) %D

0

0i 6
-H-

44Z

0

0)
'-4
00

r-4

C.-j 0 '-I C'14

58



i,;

E'-4

0

co

1.'.

a)4u

.

00

-4n

-44

59



Further second order analysis of the LRV handling qualities is

possible after linearizing the equations of motion. The form of the state

equations is

AV= L 5  0 YA V

+Y -L n + ArT'A
(r -+-.i s r) 0(4.15)

-Lv 3 Aq

where terms in the matrix are evaluated at the reference trajectory

conditions.

Following the development of the previous chapter, truncated

models for the short term and long term dynamics result. A truncated short

period model uses the lower right 2X2 block to give the equations

Aq ~ ~~ M( 
r La c c s2(r h) A 4. 6

1A - V~c 11(.6
A L -z-J~

Solving for AO, differentiate the second equation to give

but, Aq" = (MT AV +

So,

.( %- '(4.17)

Comparing this equation with the complete angle of attack equation, the 0-)1(t)

expressions are identical, and 30(t)'s are not. This leads to a difference in
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both the character and damping of the response, but when long term dynamics

are not strongly coupled to the short term it is a useful approximation.

The difference should be remembered when applying handling qualities criteria.

Another measure of particular interest is the normal acceleration

at the pilot's station. This is derived as an output variable from the state

equations so that once a solution is determined for the state responses, nz is

readily computed. The complete expression for nz(t) is nz = -(l/g)az, where

the acceleration along the aircraft z-axis at the pilot station is derived

from Euler's dynamic equations of motion. The cockpit is located in inertial

space by the vector

Xf f  +Yx
p (4.18)

where X,Y,Z locates the C.G. of the aircraft in inertial space and Xp, yp, Zp

locates the pilot station relative to the C.G. Then by Euler's equation,

o -r q p
V r + Z x r = + r 0 - yp (4.19)

EI -q p ] Z[ p

gives the derivative of r with respect to inertial space in body coordinates.

The time derivatives of X, Y, and Z are u, v, and w (xp,yp,zp are fixed) and

Xp, yp, Zp rotate with the body. Then

+ 4z -ry p 0 -r q u+qz -ry
A=V+Vox V + rx - pz + r 0 -p + rxp - pZp (4.20)

+ pyp - qxp 0 + pyp - qxp
Considering longitudinal motion only and a pilot station at [xp,O,01,

nz(t) - -(1/g)[w - qu - 4xp - gcose] (4.21)
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Then since w = Vsinc + Vcos1, and u = Vcosc,

nz = -(1/g)[Vsino.+ Vcosc- qVcoslx- qxp - gcose] (4.22)

Substituting expressions for V, q, and from the LRV equations of motion

yields
[(- -rt c4 L '*(, - 4 c 5-o

U r (4.23)

Using the truncated short period model and taking partial derivatives of the

terms in nz with respect to q and M, yields:

P - +-!V' ;ep(Hoc

r (Mi + ( 4.24)

Since A= + (L5<) M and AK is known

-A r + (4.25)

Once an asymptotic solution for 64 is derived, it can be differentiated to give

an expression for and therefore, nz.

Long Term Response

For the long term modes, truncation with residualization of the

short term modes can still apply. But since steady state conditions do not

exist and "natural frequency" is continuously changing, the assumptions are

interpreted slightly differently. What matters is whether the responses

associated with the long term mode (V andY ) vary (oscillate) on a slow scale

compared with the short term responses (q and %e). If so, short term

deviations from reference trajectory conditions will diminish to zero on the

order of 1/c faster than the long term deviations (where C is a small,

positive number relating the time scales of short term and long term
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variations). Current specifications restrict the damping of the phugoid mode

without any bounds on frequency or mode shapes of the responses. For normal

powered, atmospheric flight the damping restrictions insure positive stability

of speed and flight path. This benefits pilot workload but the pilot must

constantly regulate the low frequency variation of speed and altitude to hold

precise flight conditions. An aircraft, or LRV, in high speed flight

encounters an additional complication: altitude changes during phugoid motion

become large compared with airspeed changes, and resulting air density

gradients make the phugoid period shorter [23]. This effect will certainly

increase the difficulty of flight path (or trajectory) tracking for the pilot,

and it warrants a complete (as possible) study of the long term responses.

For flight regimes where the short and long term response time scales are not

separated by an order of E, each of the state or output variables should be

decoupled from the others and specified individually. This increases the

order of the equation describing the response and complicates the solution as

well as the task of defining handling quality criteria. But it is a more

legitimate approach.

Proceeding with the development of the residualized phugoid

equations, we refer to equations (4.15) in this chapter and equations (3.2) in

chapter 3. Partitioning the dynamics (F) matrix gives:

r 1
F 3 F "L( ) '!

F1== _2

4 F(4.26)

6 J
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The truncated 2X2 state dynamics matrix becomes, following residualization of

= l- F2F4 F3

A; AY (4.27)

F - F2F 4F 31 2 3q

= 4 + 4S

(( M.6% +A~ C5;Ara .

Decoupling these by cross-differentiation gives:

e., + -i + " + elleaO (4.28)

C .l- a ej ) C)( 4 . 29 )

These are linear, second order, time-varying equations describing oscillations

in velocity and flight path angle about the reference trajectory. Unlike the

negligible effect of short period motion on nominal trajectory conditions,

phugoid motion will result in deviations from the trajectory that affect the

response, as described above. As a first approximation, the coefficients will

be assumed to vary only as functions of the nominal trajectory, unaffected by

the oscillations. The form of the solutions to these equations is the same as

for angle of attack. Since trajectory data are tabulated and not given as

explicit functions of time, the time derivatives in the coefficients must be
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approximated by fairing through the data. A less accurate but far simpler

approach in the absence of functional relationships is to decouple the

equations as though the coefficients are constants. This results in identical

equations, and thus, identical characteristic roots and time behavior, for V

and Y. Validity of the multiple scales approximation again depends on

slowness of coefficient variation compared to the time for a cycle of the

oscillation.
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4.3 VTOL Aircraft Handling Qualities

4.3.1 VTOL Pilot Tasks

A primary pilot control in hover is thrust level. Typical dynamic

characteristics are high speed stability and low vertical (heave) damping

[241. Attitude control must be effected by distributing thrust to command

moments about the appropriate axis. As the analysis of [9] showed, there may

be longitudinal instability in hover requiring pitch attitude control

augmentation. Transition involves simultaneous control of thrust level,

thrust deflection, and elevator deflection to follow a nominal trajectory

toward or away from hover. The speed of transition depends directly on the

thrust level and flight path followed. The control task is multiple loop in

nature, with pitch attitude an inner loop to flight path (altitude) control.

Any cross coupling of control inputs and motion outputs affects the pilot's

task, possibly adversely. At the start of a transition from hover all

aerodynamic controls are ineffective, so attitude stability augmentation must

blend thrust control with surface effectors. Any portion of the VTOL flight

regime where there are accelerations toward or away from hover or cruise are

of interest here. This dynamic behavior should be treated as explicitly as

possible when formulating handling quality specifications.

4.3.2 Analysis of Handling Qualities

The dynamics of VTOL aircraft in transition are not only time

varying but unconventional. Using asymptotic methods to derive expressions

66



for the time response of state or output variables may be useful to verify

aspects of a particular vehicle or control design, but not directly for

handling qualities specification. Truncation of modes is improper so the full

order of the natural vehicle response must be examined. Many criteria have

been proposed and tested for VTOL hover and transition handling qualities.

The criterion discussed in Chapter 3 for unconventional vehicle responses is a

form of frequency response bandwidth. A study by Hoh [25] examined the

effects of several control and aerodynamic factors on flight path control

during transition. A necessary handling quality criterion is interpreted as a

path bandwidth, formulated in terms of the altitude-to-throttle transfer

function. "Path bandwidth is a measure of how tightly a pilot can close the

throttle to the altitude (6t-h) loop without threatening the stability of the

pilot/vehicle system" [251. Bandwidth is interpreted as the frequency at

which phase margin is 450 or gain margin is 6dB. Among the factors

influencing path bandwidth are pitch attitude inner loop bandwidth,

aerodynamic heave damping (-Zw), pitch moment due to thrust offset from the

center of gravity, and engine lag.

The dynamics examined in [251 have elevator control of pitch

attitude with moderate inner loop bandwidth (1.5-4.0 rad/sec). When the inner

loop is tightly closed Wbwo > 4.0 rad/sec) the path bandwidth is primarily

dependent on heave damping. For a less tightly closed attitude loop the

coupling between throttle control and pitch attitude becomes important. At an

intermediate point in transition, for example, thrust is vectored partly

upward and partly forward. Positive throttle increment will cause

translational acceleration forward and upward; rotational acceleration (if

any) depends on the control coupling derivative, M6.- Adverse thrust coupling
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(negative M causes downward pitching with thrust increase and therefore

degrades the path bandwidth. It is important to quantify the effects of

thrust control-to-pitch-attitude coupling on path response for a particular

control scheme and vehicle. Engine throttle-to-thrust lag has a minor effect

on path control in the range of frequencies for good handling qualities. Its

effect is alway degrading, however, and can be easily included in the model.

The acceptable path bandwidth chosen in [251 for Level I handling quality is

LObwh - 0.2 rad/sec.

The variable dynamics of an aircraft in transition will give it

"bandwidth histories", determined from the elements of the system function.

The path bandwidth history of a representative VTOL aircraft will be evaluated

using an asymptotic approximation to the system function. A good subject for

analytically examining handling qualities during transition is the XC-142

tilt-wing VTOL aircraft. Its dynamics are well documented and have been

studied by both classical and asymptotic means. Developed in the early 1960's

as an experimental vehicle, the XC-142 has four main propellers on the wing

and a tail rotor driven by a power takeoff shaft from the main engine [26].

It weighs 40,041 lbs gross, has a cruise speed of 244 knots and maximum speed

of 317 knots. At takeoff the wing and engines are tilted 900 to the ground

and thrust-to-weight is 1.05. During transition the wing rotates forward and

thrust-to-weight increases to 1.08. Once forward flight is attained with the

wing rotated fully forward, the tail rotor can be feathered and pitch attitude

controlled by elevator only. A state space description of the longitudinal

aircraft dynamics uses the state vector

x- [u w q 0] T  (4.30)
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with equations of motion

Xu 0 0 -g X6T

. = Zu  Zw Zq 0 x + Z6T 6T (4.31)

u M Mq 0

0 0 1 0 0

Thrust is the only control element because the tail rotor will be used in a

closed loop to regulate pitch attitude during transition. The intent is to

diminish pitch loop gain during transition so that the elevator becomes the

attitude controller at the end of transition and the tail rotor may be

feathered. For a given thrust setting, attitude regulation will effectively

cause only moment generation and no forces in the X or Z direction, since the

tail rotor is driven by takeoff from the engines. Reference [9] gives the

following relationships for stability derivatives as functions of flight

velocity:

Xu - -0.2

Zu - -V/(40+4V) Zw - -0.1-V/250 Zq = V

Hu - .015(1-V/150) Mw = -.005-.015(V/150)
2 Mq = -.1-.0034V

The asymptotic calculations of vehicle responses in [9] and [71 treated level

flight transitions, and therefore used M6T as the only control input term,

where M6T = -.000314 rad/sec/lb-thrust, determined by the pitch moment of

inertia and tail rotor offset from the center of gravity. Since the heave

response is being examined here,

X6T - .000804(V/150) ft/sec2/lb

Z67 - -.000804(1-V/150) ft/sec2/lb
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are used to describe the variable effect of thrust inputs during transition.

Two transition velocity profiles are used:

(1) V(t) - 150t/(20+t) ft/sec, t > 0

which is asymptotic to 150 ft/sec for large t, and

(2) V(t) = 15t 2/(2+4t) ft/sec, 0 < t < 40

which is asymptotic to 3.75t ft/sec for large t.

It is assumed that transition initiates at hover and concludes when flight

velocity is 150 ft/sec, or 89 knots. The wing is tilted fully forward when

transition is complete. Analyses in [9] and [7] used velocity profile 1,

which accelerates quickly initially (V(O)-0 and V(1)-7.14 ft/sec) and very

slowly for large t, plotted in Figure 4-8. This profile allows one to check

the response calculations against a constant flight condition for large t.

The second profile is probably more typical, with slower initial acceleration

(2.6 ft/sec2 ) and nearly constant acceleration (3.6 ft/sec2) after 2 seconds,

Figure 4-9. A thrust-to-weight setting of 1.08 during transition would cause

an acceleration of 2.6 ft/sec2 .

From the state equations, the 2nd element of the system function

will describe the path-to-throttle response, and the 3 rd element the pitch
/

attitude response. A zeroth order (Poincare) asymptotic approximation to the

system function is

Ho(s,t) - [A(t) - sIJ-  B(t) (4.32)

The pitch compensation design in [7] used Ho(s,t) to find a time-varying

feedback gain with pitch angle and pitch rate feedback in the manner shown

below.
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where K(t) - [0 0 2 11 (120000/(20 + t))

The gain K(O) = 6000 stabilizes the longitudinal modes in hover while the time

variation corresponds to the velocity profile I transition, with vanishing

gain for large t. Figure 4-10 shows the compensated pitch attitude bandwidth

history from this zeroth order asymptotic analysis design. Pitch bandwidth is

moderate throughout the transition. A plot of the characteristic root

movement is in Figure 4-11. Although the time variation results in unique

characteristic roots for each state, Ho(s,t) has a common characteristic

equation for all states. Decoupling the pitch attitude equation by

cross-differentiation and using the zeroth order by multiple scales equation

(2.11) gives an asymptotically equivalent picture of the root movement, shown

in Figure 4-12. One real root behaves erratically at about 4 seconds into the

transition, crossing the imaginary axis and then returning to branch with the

other real root into a complex pair. Near the end of transition (120 seconds)

the root positions are identical in Figures 4-11 and 4-12. This is explained

by the very slow changes in stability derivatives at 120 seconds for velocity

profile 1.
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A similar pitch compensator design for velocity profile 2 yields

K(t) = [0 0 2 11 (35000/(5 + t)).

Figure 4-13 shows the compensated pitch attitude bandwidth history. It has

greater variation than profile 1, changing from a tight loop at hover

(O~bwe > 4 rad/sec) to moderate closure (1.5 < W bwe j 4.0) for the rest of

the transition, but is very similar. Figure 4-14 shows the characteristic

root movement for velocity profile 2.

A check on the accuracy of the asymptotic approximation should be

made. Ramnath compared asymptotically derived time responses of the

unaugmented aircraft with numerically integrated responses [91, demonstrating

the accuracy of zeroth order asymptotic analysis. A rigorous error analysis

was carried out by Ramnath [2] including the development of strict and sharp

error bounds. Callaham and Ramnath [6] demonstrated the validity of using

Ho(s,t) by comparing time responses of e(t) to a design incorporating first

order correction HI(s,t). Based on these results, the system function

approximation Ho(s,t) can be used for this handling quality analysis.
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Raving acceptable designs for pitch compensation, the next step is

to evaluate the path bandwidth histories. The magnitude and phase of the

second element of Ho(s,t) are shown graphically as functions of frequency and

time for profile I (Figure 4-15) and profile 2 (Figure 4-16). Since open loop

throttle-to-altitude response is being examined, the system function w(s,t)/I

is integrated once to give

h(st)/6T = (1/s) w(st)/6T (4.33)

Path bandwidth histories based on 450 phase margin are plotted in Figures 4-17

and 4-18 for profiles I and 2, respectively. The dependence of path bandwidth

on heave damping (-Zw) early in transition is shown by Figures 4-19 and 4-20.

Path bandwidth does not reach the Level I minimum until 10 seconds into

transition for profile 1, and 8 seconds into transition for profile 2. A jump

in the bandwidth seems to occur between 10 and 15 seconds (profile 1) and

between 12 and 16 seconds (profile 2). These jumps correspond exactly with

the branching of the two real roots into an oscillatory pair, checking Figures

4-11 and 4-14.
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The study by Hoh [25] gave path bandwidth of an XC-142 at 80 knots

(135 ft/sec), with pitch inner ioop closure of 2.5 rad/sec by elevator

control, as 0.22 rad/sec. This is quite different from the values of

Wbwh - 0.95 and 1.0 for the above analyses at times corresponding to the

80 knot flight condition. The difference is certainly due to adverse thrust

coupling effect on elevator control of pitch in the first case. When the tail

rotor is used in closed loop pitch control, the adverse thrust effect is

regulated. Thus, higher path bandwidths with thrust control result.

An aspect of variable flight dynamics which is a significant

factor in its handling quality is the rate and direction of variation. As

seen in the path bandwidth histories of VTOL transition, the vehicle response

does not necessarily change at a constant rate. Since the pilot must

anticipate control inputs, a sudden or unpredictable shift in the character o

vehicle response may have an adverse impact on controllability and pilot

workload. The direction of variation is important: a change in a positive

direction (as in increased bandwidth) is beneficial. An observation about th

VTOL results is that the jump in bandwidth occurred at a turning point, when

real roots became oscillatory (or vice versa). Reversing the direction of

transition, the pilot faces a flight region in which path bandwidth decreases

sharply over 5 seconds. Such points in the variable dynamics should be

identified in the design process when possible. While this adverse change is

predictable, it may still cause difficulty. At worst a maneuver or trajector

could be modified to slow the rate of change. As always, piloting technique

is a critical factor and may also require some modification. A limit of the

form

Wbw > -C(43
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where c is a positive constant, could be imposed on bandwidth, for example.

This limit may affect flight control design, types of maneuvers permitted, and

pilot technique. The value of the above limit would depend on the response

parameter being examined. Attitude control might sustain a higher rate of

change than path bandwidth, and remain acceptable. Another way of imposing a

limit on the rate of change of a response characteristic might be in the form

aj(t)/ki(t) < caj(t) (4.35)

where aj is the most quickly varying coefficient and ki is the root of

smallest magnitude from the characteristic (clock) equation of a multiple

scales expansion. The limit above might serve the control designer better

than a limit on a response parameter, like equation (4.34). In some cases

there may not be a need for such a limit. Certainly the validation of new

criteria (or old criteria against new flight vehicles) requires an extensive

data base of flight regimes, maneuvers and pilot evaluations.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

A thorough understanding of flight environments and flight vehicle

dynamics is essential to designing airframes and control systems which can

achieve mission goals with specified handling qualities during piloted tasks.

Accurate analytical descriptions of the dynamics are a necessity. Many

criteria derived through constant coefficient analysis of equations of motion

have already been experimentally validated at certain flight conditions. But

in cases where the flight vehicle traverses widely varying flight conditions

in a prescribed manner, the actual time-varying equations of motion should be

used for analysis. Approximate but accurate solutions to these equations can

be constructed by asymptotic methods, of which one of the most general methods

is that of Multiple Scales. The scales represent slow and fast behavior of

the vehicle responses, defined by linear and non-linear functions (cl.,Zks) of

the independent variable. Multiple scaling yields useful approximations when

the coefficients vary slowly - a condition satisfied in this handling quality

analysis of flight vehicles.

Equations of motion constructed for handling quality analysis

should be representative of the variations in flight conditions and vehicle

dynamics for typical maneuvers or trajectories. Motion in each degree of

freedom will have a unique characteristic equation because of the time
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dependence. Times at which multiple roots exist (turning points) should be

identified since they could affect the accuracy of asymptotic solutions. When

a turning point is moved through quickly, a multiple scales solution

consisting of elementary functions is probably accurate.

Criteria for measuring handling qualities come in several forms

including time response envelopes, frequency response bandwidths and bounds on

parameters formed from two or more responses, such as the Control Anticipation

Parameter. In variable dynamic cases, multiple scales can be used to solve

for time responses or system functions, which are then applied to appropriate

criteria. Time response criteria can be applied directly, while other forms

require modification. The zeroth order multiple scales equation contains the

time-varying characteristic equation, whose roots are the clock functions.

The complex clock contains terms which are analogous to parameters of constant

coefficient analysis, such as '0d and AJn. These terms may be used to modify

criteria based on time invariant dynamics, such as the CAP. The modification

is intended to restrict the speed or extent of the variation in a particular

response over a flight phase, especially if the variation degrades the

response. Of course the instantaneous value of the parameter should remain

within the bounds for the level of handling quality desired.

Asymptotic approximations to the system function for a response

can be computed in several ways; the multiple scales approximation is accurate

and uniformly valid, but can be difficult to evaluate. Alternatively, a
Ns

Poincare expansion of the system function can be evaluated order by order

rather straightforwardly, but does not necessarily meet boundary conditions

(it may be non-uniform). When coefficients vary slowly the zeroth order

Poincare approximation may be sufficiently accurate. Once the system function
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is evaluated, measures of handling quality can be computed for conventional or

unconventional vehicle responses.

The longitudinal dynamics of two types of flight vehicle were

examined to demonstrate the application of asymptotic methods to solving

time-varying equations of motion and to computing measures of handling

quality. Both conventional and unconventional dynamic responses were

addressed, with their associated criteria. In the example of an unpowered LRV

which responds conventionally to aerodynamic controls, the value of the CAP

changed significantly from entry interface through the terminal phase of

flight. The speed and direction of variation also changed through re-entry.

An extension to the CAP was suggested which would limit the extent of

variation over a particular flight phase. Angle of attack time responses were

computed by the multiple scales method in two flight phases: the first

beginning at 250,000 feet altitude when aerodynamic controls become primary,

and the second beginning at 75,000 feet altitude in the terminal phase of

flight. These responses compared reasonably with specified bounds.

The dynamics of an XC-142 VTOL aircraft during transition from

hover to cruise were also examined regarding handling qualities. Based on the

results of asymptotic studies by Ramnath and Callaham, who tested the accuracy

of a zeroth order Poincare approximation to the system function relating pitch

attitude to tail rotor thrust, the zeroth order approximations to the system

functions were used. Two transition velocity profiles were used from 0 to 150

ft/sec. In each case the pitch attitude-to-tail rotor thrust loop was closed

and the system function of heave, or flight path, to throttle control was

calculated by the Poincare method. Flight path bandwidth histories were

computed to compare with current specifications on flight path control using
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throttle. The treatment of handling qualities and the methods of computing

measures of handling quality described above are workable and accurate.

Recommendations

The approach and techniques applied in this work can be extended

to other flight vehicles, such as helicopters and short takeoff and landing

(STOL) aircraft. Determining specific bounds for handling qualities criteria

requires simulator and in-flight experiments with pilot evaluation. The

criteria suggested above, and any others formulated for variable flight

dynamics, could be examined during the flight control design stage of a new

(or modified) flight vehicle when simulator tests are made. Further study of

the different vehicle responses is also necessary, and definitive tests for

slow system variation must be developed. The effects of perturbations on the

reference maneuver or trajectory conditions should be examined, as outlined in

section 4.2.2. The effects of turning points on handling quality and on the

accuracy of asymptotic approximations needs to be quantified. Lateral and

directional dynamics and handling qualities criteria should also be part of

another study.
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APPENDIX A

COUNTER-INTUITIVE BEHAVIOR OF NON-AUTONOMOUS SYSTEMS

Exact solutions of linear, time-varying systems are contrasted with solutions

by "frozen" constant coefficient analysis. Examples are due to Ramnath [1].

(1) The stability of a linear, time varying system cannot, in general,

be characterized by the eigenvalues in the same way as the "frozen" time

invariant system. Consider the system described by the equation

y" - O.1y' + (e'2t)y = 0 (A-1)

Treating the coefficients as constants the characteristic equation is

s2 - O.1s + e -2t 0 (A-2)

The roots are

81 , s2 - .05 + Jeelt [1 - (.00 2 5/e.2t)] (A-3)

The solution according to the above analysis is

y(t) = eO05t[A cos(e.lt[l-.0025/e.2 t]) + B sin(e.lt[1-.0O25/e-2 tJ) (A-4)

Treating the coefficients as constant shows an unstable system response. The

exact solution is

y(t) - sin(10e.lt) (A-5)

which is bounded. Hence the constant coefficient analysis does not correctly

predict stability.
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APPENDIX A (cont)

(2) Consider the system described by the state equations

x(t) - A(t) x(t) + B(t) u(t) (A-6)

and output equation

~yMt - CMt x(t) (A-7)

where,

A(t) = -.1-.2cos.5t -. 25-.2sin.5t1

1 .25-.2sin.5t -.1+.2cos.5t j

-M [;lfl:5t-n.25t1 CMt - BM//[sin.25t+cos.25tj

Freezing the coefficients of A(t) at any time t>0 and computing the

characteristic equation shows that the system eigenvalues are invariant and

equal to

Sl, s2 - --I ± .15J

The roots indicate a stable system for all time.

Alternatively, solving asymptotically for the characteristic

equation as a function of t (by computing the multiple scales approximation to

the system function) yields the exact system roots

sI a -.3, 82 m .1

The actual system roots indicate instability for all time, which was not

apparent at all from the constant coefficient analysis. In this case, the

time varying system could not be analytically studied by "freezing".
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